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Abstract Observations of a rare long-duration solar event of GOES class XI. 2 
from 26 October 2003 are presented. This event showed a pronounced burst of 
hard X-ray and microwave emission, which was extremely delayed (>60 min) 
with respect to the main impulsive phase and did not have any significant 
response visible in soft X-ray emission. We refer to this phenomenon as a "burst- 
on-tail" . Based on TRACE observations of the growing flare arcade and some 
simplified estimation, we explain why a reaction of active region plasma to 
accelerated electrons may change drastically over time. We suggest that, during 
the "burst-on-tail" , non-thermal electrons were injected into magnetic loops of 
larger spatial scale than during the impulsive phase bursts, thus resulting in 
much smaller values of plasma temperature and emission measure in their coronal 
volume, and hence little soft X-ray flux. The nature of the long gap between the 
main impulsive phase and the "burst-on-tail" is, however, still an open question. 

Keywords: X-ray bursts, association with flares; X-ray bursts, hard; X-ray 
bursts, soft; Radio bursts, microwave (mm, cm); Heating, in flares 

1. Introduction 

Physical links between thermal and non-thermal electromagnetic emission in 
solar flares are not yet fully understood. There is an important observational 
fact, called the "Neupert effect" by Hudson] (|199ip . which phenomenologically 
relates thermal soft X-ray (SXR) emission with non-thermal hard X-ray (HXR) 
and microwave emission of solar (and stellar) flares. According to this effect, 
often the time integral of HXR and microwave light curves closely resembles the 
time profile of SXR emission during a flare's rising phase (e.g., |Neupert [1968; 



IKahler et d\ [T9701 [Dennis and Zarrol IT9931 [Hawley et al] QMS I IGuedel et al 



f996] Veronig et al. 11005) . The "Neupert effect" supports a scenario in which 



SXR emitting plasma consists mainly of evaporated chromosphcric material 



1 Space Research Institute (IKI), Russian Academy of 
Sciences, 117997, 84/32 Profsoyuznaya Str, Moscow, Russia 
email: ivanzim@iki.rssi.ru email: astrum@iki.rssi.ru 



SOLA: paper.tex; 4 March 2013; 11:20; p. 1 



Zimovcts & Struminsky 



heated to several MK by the same population of accelerated and precipitated 
electrons that radiate non-thermal emission in the solar atmosphere. 

However, in some flares the "Neupert effect" is not observed (e.g., IFeldmaiil 
119901 1 Veronig et al\ I2002aj) . This is especially pronounced in flares where there 
is brightly marked pre- impulsive phase heating observed in the SXR range which 
lacks a counterpart in HXR emission ( Veronig et al, 2002b I, and also in large 
non-impulsive X- and M-class flares with gradually varying HXR emission. These 
latter events are referred to as gradual-hard flares or long-duration events (LDEs) 
(e.g., iF^Idmanl HMOl IDennis and Zarrol EMS) . 

Recently IWarmuth et all (|2009|) have reported an intriguing X1.3-class two- 
ribbon flare with a couple of intense bursts of non-thermal HXR emission, which 
were separated by about 2 min from a group of impulsive phase bursts. The 
Neupert effect was valid only for the impulsive phase bursts, but not for the 
delayed pair. These delayed bursts were even more intense than the impulsive 
phase bursts in the energy range above hv m 50 keV, but they were observed 
during the decay phase of SXR emission. Spectral analysis of HXR emission ob- 
served by the Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI; 
ILin et all [2002]) allowed IWarmuth et all ([2009)) to suggest the presence of an 
anomalously high low-energy cutoff of non-thermal electrons (E c m 100 keV) 
during the delayed bursts, whereas in the impulsive phase bursts the low-energy 
cutoff was estimated as only E c w 30 — 40 keV. Thus, it was concluded by 
Wa rmuth et all (|2009|) that the lack of appreciable plasma heating during the 
delayed bursts could be due to relatively small kinetic power of non-thermal 
electrons in comparison with that of the impulsive phase bursts. However, the 
existence of such a huge low-energy cutoff (E c « 100 kev) in a spectrum of 
accelerated electrons in solar flares is an open question (e.g., IHolman et all 
IMilllKontar et aU l20TTj) . 

The goal of this paper is to present another example of electron acceleration 
without visible response in SXR emission and propose its possible interpretation. 
A highly pronounced burst of HXR and microwave emission was observed in the 
decay phase of the X1.2-class LDE on 26 October 2003 with a delay of more 
than 60 min relative to the main impulsive phase (Figure [1} . Hereafter we will 
refer to this burst as the "burst-on-tail". To our best knowledge, the LDE of 
26 October 2003 is the first event of its kind ever reported in the literature. It 
might represent a new type of flare phenomenon. 



2. Observations 

2.1. Instruments and Data 

2.1.1. SXR and HXR Emission 

The principal instrument used in this work is the Anti- Coincidence System 
(ACS) of the spectrometer onboard INTEGRAL (SPI). The ACS is made of a 
set of BGO crystals viewed by photomultipliers. The total mass of these crystals 
is 512 kg with an effective area of 0.3 m 2 . The ACS is a very sensitive instrument 
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to both primary and secondary gamma-rays with energies hv > 100 keV. The 
time resolution of the ACS is 50 ms, but here we use 1-s count rate data that is 
sufficient for our purpose. A more detailed description of the ACS and SPI can be 
found, e.g., in lVedrenne et aZ.I (|2003|) . The ACS may continuously monitor solar 
high energy activity for a period of more than two days, due to its eccentric orbit 
with an apogee of w 150 000 km and the 72-h orbiting period of the INTEGRAL 
spacecraft. Thus, the ACS is a unique instrument for studying long-duration 
solar events, despite its inability to perform spectrally and spatially resolved 
observations. The ACS is not a solar-dedicated instrument, but it was already 
succesfully used for solar studies (e.g., IGros et ai[ 120041 IKiener et ail [2006; 
ISu et q/.l [innSl |Struminsky and Zimovetz[ [gOTHl) ■ 

There are no usable RHESSI observational data for almost the entire time 
interval of interest to us, i.e. from about 06:00 UT until 08:00 UT of 26 October 
2003 (see Figure QJ. During the "burst-on-tail" (about 07:25-07:40 UT), which 
is the main object of our study, RHESSI (according to Murphy's law) was in 
the South Atlantic Anomaly. Therefore, a spectral analysis of the HXR emission 
during the event is not possible. 

We also use 3-s data of the two standard GOES SXR channels - 1-8 A and 
0.5-4 A - to calculate time profiles of plasma emission measure and temperature 
in the flare region ( |Thomas, Crannell, and Starr, 1985] ). The GOES package of 
SolarSoftWare is used for these purposes. 



2.1.2. Radio Emission 



To investigate solar microwave emission produced during the event we use time 
profiles of flux density measured with a time cadence of 0.1 s at six frequencies 
of 1, 2, 3.75, 9.4, 17, and 35 GHz by the Nobeyama Radio Polarimeters (NoRP; 
|Nakajima et al. I1985[) . Unfortunately, the Nobeyama Radioheliograph finished 
its observations of the Sun at about 06:30 UT, prior to the "burst-on-tail" . 

In addition to the NoRP datasets, we use time profiles of flux density of solar 
radio emission at eight discrete standard frequencies of 245, 410, 610, 1415, 2695, 
4995, 8800, and 15400 MHz provided by the Learmonth solar radio telescope 
(RSTN). However, it should be noted here that the Learmonth microwave data 
were intermittent and anomalously noisy during the "burst-on-tail" in compar- 
ison with the NoRP data. Therefore, we do not use them for detailed spectral 
analysis during the "burst-on-tail" . 

The Learmonth Solar Observatory also provides the radio spectrogram of the 
event in the frequency range of 25-180 MHz, which is swept every 3 s. This 
allows us to check metric radio emission of the Sun during the event. 



2.1.3. UV and EUV Emission 



We analyze morphology and dynamics of magnctoplasma structures of the flare 
region in both the chromosphere and in the corona during this event. This is 
achieved using images obtained by the Transition Region and Coronal Explorer 
(TRACE; |Handy et al\ IT9"9"9"|) mainly at 195 A and 1600 A with a variable time 
cadence of several seconds. 
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In addition to the UV and EUV observations by TRACE we use observations 
by Extreme-Ultraviolet Imaging Telescope (EIT; Dclaboudini ere et alX I1995[) 
onboard the Solar and Heliospheric Observatory (SOHO) spacecraft. Despite 
the fact that EIT had a cadence of only 12 min, it has a much larger field of 
view (45 x 45 arcmin) than TRACE (6.4 x 6.4 arcmin) and thus covers the entire 
visible solar surface. This allows us to check that both the impulsive phase bursts 
and the "burst-on-tail" took place in the same active region. 

Magnetic topology of the flare region was clarified by the line-of-sight photo- 
spheric magnetograms produced by the Michelson Doppler Imager (MDh lScherrer et aU [ 
HM5]) onboard SOHO. 

2.2. Dynamics of the Flare Electromagnetic Emission 

The XI. 2 solar flare of 26 October 2003 originated from NOAA active region 
10486. Its center was at a point with heliographic coordinates S14E41. Owing 
to this east location solar cosmic rays, which could be accelerated during the 
event, did not reach the Earth and did not interfere with the detection of solar 
HXR emission by the ACS. 

The event started at about 05:57 UT and peaked at 06:54 UT according to 
the GOES SXR observations. The decay to the prc-flare level took more than 9 
h. A pronounced impulsive phase started at about 06:10 UT and ended at about 
06:30 UT (Figured]). It was accompanied by almost simultaneous bursts of HXR 
and microwave emission. A gap in microwave and HXR emission was observed 
respectively by the NoRP and ACS between about 06:30 and 06:50 UT. A new 
sequence of intense bursts of HXR and microwave emissions started at 06:50 UT. 
This sequence of gradual bursts ended in the strong "burst-on-tail" , which began 
at 07:20 UT and lasted for more than 20 min. Surprisingly, the "burst-on-tail" 
has the largest HXR and microwave intensities of all the bursts in this event. 

Light curves of SXR emission detected by GOES had two maxima (Figure [1}. 
The first maximum was at about 06:20 UT. The time derivative of SXR intensity 
around the first maximum corresponds to the observed intensities of HXR and 
microwave emission, consistent with the Neupert effect. The second and major 
SXR maximum at 06:54 UT was just prior to the sequence of delayed (gradual) 
bursts of HXR and microwave emission. This suggests that softer energy release 
and plasma heating occurred after the flare impulsive phase but before the de- 
layed bursts. These softer episodes of energy release were highlighted by multiple 
peaks of the SXR time derivative between about 06:30 UT and 06:50 UT (see 
Figured]), in accordance with the Neupert effect. 

However, the Neupert effect was not observed for the delayed sequence of 
non-thermal bursts, the last and strongest of which was the "burst-on-tail". 
An intriguing fact is that this "burst-on-tail" was not associated with a visible 
increase of SXR fluxes and, therefore, increases of temperature and emission 
measure (Figured]). In reality some weak increase of SXR flux was probably 
produced during the "burst-on-tail" , but was hidden by a relatively strong 
decaying tail after the second SXR maximum. 
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Figure 1. Time profiles of X-ray and microwave emission as well as of some estimated pa- 
rameters of the radiated plasma for the solar flare of 26 October 2003. Upper panel: Fluxes of 
X-ray emission (left axis) detected by GOES in two spectral channels 1.0-8.0 A (red dotted 
line) and 0.5-4.0 A (blue dashed line). The black thick solid line indicates the smoothed time 
derivative of X-ray flux in the 1.0-8.0 A channel (right axis), while the horizontal thin solid 
line shows the zero level of this time derivative. Middle panel: Temperature of the flare plasma 
estimated from the GOES data (left axis, blue dotted line) and flux density of solar radio 
emission detected by NoRP at 17 GHz (right axis, black solid line). Bottom Panel: Emission 
measure of the flare plasma estimated from the GOES data (left axis, red dotted line) and 
count rates from the ACS (right axis, black solid line). Four vertical solid lines with notations 
(a), (b), (c), and (d) mark the moments for which the images presented in Figure [2] were 
made. The vertical dotted lines indicate the moments of the first (06:20 UT) and the second 
(06:54 UT) soft X-ray maxima. 

2.3. Spectral Analysis of the Flare Microwave Emission 

As was already noted above, HXR spectra for this event were not available. 
Nevertheless, we can make a rough spectral analysis of the microwave emission 
using observations by the NoRP and the Learmonth solar radio telescope. As 
an example, in Figure [5] we plot the microwave spectra for two principal time 
intervals. Figure[2ja) represents a spectrum of microwave bursts in the impulsive 
phase integrated over 06:12:56-06:14:16 UT. The center of this interval is marked 
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Figure 2. Spectra of solar microwave emission in two particular time intervals during the 26 
October 2003 event: (a) 06:12:56-06:14:16 UT in the impulsive phase, (b) 07:28:24-07:29:44 UT 
during the "burst-on-tail". The centers of these intervals correspond to two vertical lines 
in Figure ^ marked by (b) and (d), respectively. Observational data points are plotted by 
black squares (NoRP) and grey diamonds (RSTN) with vertical line bars marking errors of 
measurement at the one sigma level. The solid black line represents an approximation of the 



data points with the function / (u) = aov ai [l — exp (- 



CL2V 



by a vertical line (b) in Figure [T] Figure [2jb) shows a microwave spectrum of 
the "burst-on-tail" peak integrated over the time interval 07:28:24-07:29:44 UT. 
Its center is marked by a vertical line (d) in Figure [T] 

It is clearly seen that both cases of the microwave spectra represented in 
Figure [3] have a A-shape above a frequency of about 2 GHz. This shape of 
microwave spectrum is typical for the gyrosynchrotron radiation of a single 
population of non-thermal electrons in the magnetic field of an active region 
(e.o.. lDulk and Marshl [Ugl |Stahli, Gary, and Hurford[ EEIBS1) ■ It is well approx- 
imated by a function / (v) = aov ai [1 — exp (— a2^~ a3 )], where v is a frequency, 
and ao, ai, ci2, and 03 are some positive parameters, which can change during 
the course of a flare. This is direct evidence that the microwave emission of the 
"burst-on-tail" was produced by non-thermal electrons. Since the microwave and 
HXR intensities observed during the "burst-on-tail" were well correlated, we can 
infer that they were generated by the same population of non-thermal electrons. 

An upward bend in the microwave spectrum below v w 2 GHz was observed 
during the "burst-on-tail" in addition to its A-shape. Our inspection of the radio 
spectrograms obtained at the Learmonth Solar Observatory and the reports 
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Figure 3. Images of NOAA active region 10486 during the 26 October 2003 XI. 2 solar flare, 
(a) Photospheric line-of-sight magnctogram observed by SOHO/MDI. The white and black 
lines are iso-contours at ±300, 500, 1000, 1500, and 2000 G levels, (b)-(d) Images of the active 
region made by TRACE at 195 A. The time of observation of each of these four images are 
shown in the titles and are marked by vertical dashed lines and also by appropriate letters in 
parentheses in Figure [T] 



given in the Solar Geophysical Data catalogues shows that a type IV radio burst 
and multiple decimetric bursts were observed after the impulsive phase. Most 
probably, the upward bend was due to these bursts. 

2.4. Morphology and Dynamics of the Flare Region 

Unfortunately, there were no spatially-resolved observations of the flare region 
in either the SXR or HXR ranges. However, the flare region was well observed 
in the UV and EUV ranges by TRACE and SOHO/EIT between 06:00 UT and 
08:00 UT. We also checked the entire solar disc and did not find significant flaring 
activity in other active regions during this time interval. The event was a complex 
two-ribbon flare, which began with a set (an arcade) of relatively compact flaring 
loops of lengths Li oop ~ (3 — 4) x 10 9 cm. In the course of the event new magnetic 
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loops gradually became involved in the flaring process. The flare arcade grew 
both along the magnetic polarity inversion line, and across it. Hence the spatial 
scale of magnetic loops of the flare arcade became larger and larger with time. 
Their apparent lengths reached L\ oop « (7 — 14) x 10 9 cm during the "burst-on- 
tail". Figures [_[(b), [__[c), and __Jd) show this process dynamically. These three 
panels correspond to the times marked by the same letters in parentheses and 
by vertical lines in Figure [1] 

Figure G3a) represents the line-of-sight photosphcric magnetogram of the flare 
region observed by MDI just prior to the flare impulsive phase. It is clearly seen 
that the active region had a complex bipolar structure, which was formed by 
two sunspots of positive polarity in the south and several sunspots of negative 
polarity in the northwest. Footpoints of the flare magnetic loops were situated 
in this sheared complex bipolar structure. 

For further discussion it is also important that this was an eruptive event. It 
was accompanied by quite a fast (v > 10 8 cm s _1 ) coronal mass ejection (CME) 
observed by the LASCO/C2 coronagraph onboard SOHO for the first time at 
06:54:30 UT, just at the major soft X-ray maximum of the flar^E 

3. Discussion 

The implemented analysis of the long-duration solar event of 26 October 2003 
provides observational evidence of long-lasting (rj 1.5 h) flaring activity with 
multiple acceleration episodes of electrons. It is clearly demonstrated that a 
strong burst of non-thermal HXR and microwave emission, which had even 
greater intensity than the flare impulsive phase, appeared during the decay phase 
of the flare, and originated from the same NOAA active region as the impulsive 
emission. This non-thermal "burst-on-tail" had two pronounced features, which 
we would like to emphasize here: 

1. The "burst-on-tail", despite being more intense than the flare impulsive emis- 
sion, had no significant counterpart in SXR emission. 

2. The spatial scale of the flaring loops during the "burst-on-tail" was several 
times larger than during the impulsive phase bursts. 

3.1. Weak Soft X-ray Emission during the "Burst-on- Tail" 

There are at least two possible interpretations of relatively weak soft X-ray 
emission during the "burst-on-tail" with respect to the flare impulsive phase. As 
discussed bv lWarmuth et a l. (2009) for the 19 January 2005 event, a hypothet- 
ical abrupt increase of the low-energy cutoff of nonthermal electrons during the 
"delay" episode of the flare energy release is possible. However, we cannot easily 
test this interpretation for the 26 October 2003 event, since the RHESSI data 
needed for a detailed spectral analysis of HXR emission are not available. Hence 
we are not able to estimate whether the low-energy cutoff could have changed 
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during the flare. Moreover an extraction of the low-energy cutoff of non-thermal 
electrons from even a high quality HXR spectrum remains questionable and 
often does not have a unique solution (e.g., IHolman et al.l 120111 IKontar et alX 
120111 and references therein). 

An ideologically similar explanation is based on a possible hardening of the 
non-thermal electron spectrum over the course of the event, which is a com- 
mon feature of large solar flares (e.g., IFrost and Dennisl 119711 |Kiplinger] [1995; 



|Grigis and Benz| 120081 |Saldanha, Krucker, and Lin] I2008P . It is obvious that if 
the amount of electrons accelerated in two episodes of energy release is the same, 
but their spectrum is different, then the number of electrons with higher energies 
(say, with E > 50 kcV) is larger in the episode with the harder spectrum, while 
there arc fewer electrons with lower energies. Thus, fluxes of HXR and microwave 
radiation would be larger, and fluxes of SXR emission would be smaller for a 
harder electron spectrum. Similarly, this hypothesis cannot be tested here due 
to the lack of HXR observations. 

We propose an alternative interpretation. The main idea is that a population 
of non-thermal electrons injected into a large flare loop should lead to less SXR 
response of its plasma in comparison with the injection into a smaller loop. In our 
case the flare energy release during the non-thermal "burst-on-tail" corresponded 
to a larger loop scale than during the impulsive phase bursts. The growth of 
flare loops is a well-known property of solar eruptive events, which is explained 
naturally by the "standard" model (e.g.. IPriest and F orbes, 2002; Huds onI 120111 
|Shibata and Magara[ 120111 and references therein) . 

Based on this idea, we can conduct further qualitative analysis. The goal is 
to estimate a plasma response of two flaring loops having different lengths to 
the same population of non-thermal electrons. For simplicity, we will assume 
that the observed flare loop plasma, which emits in the SXR range, is heated by 
nonthermal electrons only. All other possible types of heating are neglected. The 
population of nonthermal electrons has a power-law energy distribution function 
F (E) = AE~ & with the low-energy cutoff E c . 

Firstly, let us estimate a fraction a ~ Ii/Iq of the total energy 
Jo = A J E °° E 1 ~ s dE = AE 2 ~ S I (8 — 2), which non-thermal electrons lose in the 
coronal part of the flare loops due to Coulomb collisions with plasma during 
their precipitation to the chromospheric footpoints. After propagation through 
the column density N enr 2 an electron with initial energy E has energy 

E-y ~ E (1 - 2KNE- 2 ) 1/2 , (1) 

where K = 27re 4 A 0C , e is the electron charge, and A ee is the electron-electron 
collision Coulomb logarithm (e.g., IJackson| 119621 IBrownl 119721) . For typical 
physical conditions of flare regions K rj 8 x 10 -36 erg 2 cm 2 . For simplicity 
we assume the plasma density n is constant along the coronal part of the flare 
loop. Let us compare possible values of n with a quantity E 2 /KL, where L is the 
length traversed by an electron. If all nonthermal electrons have energy greater 
than E c « 20 keV, which seems a reasonable value of the low-energy cutoff (e.g., 
IHolman et a±[ I20TT1 IKontar et aUl20TTl) . and L w Li oop /2 w (2 - 7) x 10 9 cm, 
where Li oop is the characteristic loop length observed by TRACE, then we find 
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E 2 /KL ss (2 — 6) x 10 10 cm -3 . Unfortunately, we cannot estimate n directly 
for the event under study due to lack of observational data. Nevertheless, it is 
known that in general n ps (0.1 — 1.0) x 10 10 cm -3 in electron acceleration sites 
( Aschwanden and Benz, 1997[ ). Thus, we conclude that in our case n ~ E 2 /KL. 
From Equation (fTJ this means that non-thermal electrons, at least with energy 
close to the possible low-energy cutoff E c , could lose a significant fraction of 
their initial energy in the course of precipitation from the acceleration site to 
the chromosphere. 

This also means that we cannot expand the right-hand side of Equation (fTJ) 
in a series of powers {KnLE~ 2 ^. To estimate a = I\/Io we have to find the 
integral I± of the binomial differentials 



h 



+ 00 



E 



1-8 



'I - 2KnLE 



-2\!/2 



dE. 



(2) 



This can be solved analytically only if {6/2 - 1) 6 Z or {6/2 - 1/2) € Z ( |Gradshteyn and Ryzhik, 2007D 
We restrict our further calculations to the particular case of 6 = 4, which is a 
typical value for solar flares. In this case we find 



.4 



6KnL 



1 - (1 - 2KnLE i 



-2\3/2 



and consequently 



a 



1 



Ei 



3KnL 



1 - (1 - 2KnLE, 



-2\3/2 



(3) 



(4) 



Figure H] shows a{E c ) curves for the middle ri2 = 0.5 x 10 1 " cm 
uttermost reasonable values n\ = 0.1 x 10 10 cm -3 and 713 = 1.0 x 10 10 cm -3 of 



plasma density in the acceleration site ( Aschwanden and Benz, 1997 ), and for 
the middle value of the possible flare loop semi- length L\ oop /2 «Lr;4x 10 9 cm. 
It is seen that a population of nonthermal electrons with low-energy cutoff E c > 
20 keV loses only a small fraction of its total initial energy in coronal levels. 
The situation is opposite when E c < 10 keV. For 10 < E c < 20 keV we have an 
intermediate situation — accelerated electrons lose comparable amount of their 
total energy both in the coronal and chromospheric parts of flare loops. We will 
discuss only the first limiting situation when E c > 20 keV. The second limiting 
situation, when E c < 10 keV, contradicts the observations (Figure [T]), since in 
this case we would expect the same or even greater emission measure during the 
"delayed" bursts with respect to the flare impulsive phase. 

We will assume that non-thermal electrons lose the bulk of their energy at 
the footpoints of the flare loops due to Coulomb collisions with its plasma, and, 
thus, the majority of the observed soft X-ray emission is radiated by evaporating 
chromospheric plasma. Energy losses of sub-relativistic non-thermal electrons 
due to bremsstrahlung can be neglected in comparison with energy losses due to 
collisions, since 



dE, 
~dE r . 



rail 



1 e 2 /v\ 2 1 

-r(-) ir^ 1 

ir he \ c J App 



(5) 
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Figure 4. Fraction a of the total initial energy of non-thermal electrons lost in the coronal part 
of the flare loops due to Coulomb collisions with ambient plasma as a function of electron's 
low-energy cutoff E c . The clotted, solid, and dashed lines correspond to plasma density of 
ni = 0.1 X 10 10 cm -3 , n.2 = 0.5 X 10 10 cm -3 , and ri3 = 1.0 X 10 10 cm -3 , respectively. 

(e.o.. lJacksoii|H962ll . 

Let us now estimate the relationship between the soft X-ray emission radi- 
ated by evaporated plasma and the flare loop length using the following further 
assumptions: 

1 . Soft X-ray emission from the flare loop is thermal bremsstrahlung due to the 
evaporated chromosphcric plasma. 

2. Chromospheric plasma is evaporated due to sharp heating by non-thermal 
electrons injected in its volume. 

3. Chromospheric evaporation is a polytropic process pV 1 = const, where p is 
the pressure of evaporated plasma, V is its volume, and 7 is the polytropic 
constant, which is not equal to 0, 1, and 00 in our case, i.e., the evaporation 
process is not an isobaric, isothermal, nor isohoric process. 
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Figure 5. Schematic illustration of the discussed interpretation of the observed phenomenon 
(a) for the impulsive phase of the 26 October 2003 flare and (b) for its "burst-on-tail" . 

4. The evaporated plasma is an ideal gas, which is described by the ideal gas 
law p = nk^T, where n is plasma density, T is its temperature, and &b is 
Boltzmann's constant. 

5. Pressure p, temperature T, and density n of the evaporated plasma are 
constant along the flare loop length and radius. 

6. A flare loop has constant cross-section along its length. 

7. Density no of the plasma is constant along the chromospheric part of the flare 
loop. 

Consider two flare loops with equal cross-sections, but different lengths L\ and 
Li (L\ < L2). The first case corresponds to the impulsive phase of the event 
and the second one to the "delayed" bursts (Figure O . For simplicity wc will 
consider a case when the same population of non-thermal electrons is injected 
in both loops, thus the same amount of energy is pumped into their plasma. 
From Equation (TTJ) it is evident that in the dense chromosphere the bulk of non- 
thermal electrons stop traversing over a relatively small length Lq <C L\ oop /2. 
We will assume that non-thermal electrons transmit evenly all their energy to 
the ambient plasma along this column length Lq and the heated chromospheric 
plasma all evaporates polytropically to the coronal part of the flare loops and 
emits, in particular, in the soft X-ray range. Let us assume that these processes 
are instantaneous. In this case, it is possible to estimate analytically relations 
between the final plasma temperatures T1/T2, densities ni/n2, emission measure 
EM1/EM2, and soft X-ray fluxes fi (E x - E 2 ) jh i E i ~ E2) integrated over the 
energy range [E±,E2], in two different cases of the flare loops with L\ and L2, 



SOLA: paper.tex; 4 March 2013; 11:20; p. 12 



Burst-on-Tail Event on 26 October 2003 



as: 



T 2 



hi 



17-1 



(6) 



ni _ L2 
n 2 L x 1 



(7) 



EMi L 2 



(8) 



EM 2 Li ' 



fi _ [ exp (-^i/fesTi) - exp (-jVfcgTi) ! |"La 
/ 2 ~ [c^p(- E 1 /k B T 2 )-e^p(-E 2 /k B T 2 )\ [ii 



n (5-3 7 )/2 



(9) 



In the event considered L 2 jL\ « 1.7 — 4.5. It is difficult to estimate this 
relation more precisely. If we assume an adiabatic process (for simplicity), i.e., 
7 = 5/3, and T\ ~ 19.5 MK (see Figure [T]), then we find from Equations (|6|), 
0, and ©: T x /T 2 « 1.4 - 2.7, m/n 2 w 1.7 - 4.5, EMi/EM 2 w 1.7 - 4.5. 
For two standard energy channels of X-ray detectors onboard GOES [£i.i, ^2,1] 
and [£1,2, £2,2], where E 1A = 1.55 kcV (8.0 A) and E 2 ,i = 12.4 kcV (1.0 A), 
Ei >2 = 3.1 keV (4.0 A) and £; 2 , 2 = 24.8 kcV (0.5 A), we find from Equation ©: 
/i,i//i,2 ~ 1-5 — 4.9 and /i, 2 // 2 , 2 « 2.2 — 24.1, respectively. All these relations 
are consistent with plasma temperature and emission measure derived from 
SXR fluxes measured by GOES in the impulsive phase and during the "burst- 
on-tail" (see Figure [T]). This gives good arguments supporting the proposed 
interpretation. In real flaring regions the process of chromospheric evapora- 
tion due to heating by non-thermal electrons is much more complicated (e.g., 
|Fisher, Canfield, and McClymont[ 119^11J^|Fishgrl[inH71)- Nevertheless, we 
believe that our approach is correct ideologically and might be considered as the 
first iteration to the problem. 

The estimations presented above show that under special conditions in some 
flaring regions of LDEs, accelerated electrons can produce intense bursts of 
non-thermal electromagnetic emission which is not accompanied by significant 
plasma heating and large fluxes of thermal soft X-ray emission. Recently it was 
shown by Fleishm an et a/.l (|201ip that this situation can occur even in impulsive 
solar flares, which they called "cold flares". 

It is possible that both discussed mechanisms are simultaneously responsible 
for the observed phenomenon. We do not exclude that, along with the increase 
of spatial scale of the flare loops, the spectrum of non-thermal electrons also 
became harder during the "delayed" bursts and the "burst-on-tail", or that 
the low-energy cutoff of non-thermal electrons increased significantly. Future 
observations of similar LDEs with pronounced "bursts-on-tail" with high spatial 
and spectral resolution are required for further investigation of the discussed 
phenomenon. It is also clear that detailed numerical simulations of flare plasma 
response to accelerated electrons are necessary. 
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3.2. Long Time "Gap" of Non-Thermal Emission 

There is another interesting aspect of the studied LDE, which as yet remains 
undiscussed. The gap between the end of the impulsive phase bursts and the first 
"delayed" burst is about 40 min (Figurc[T]). This means that electron acceleration 
to high energies might be interrupted for some reason for about 40 min, and then 
restored again for another 40 min. 

It seems that the energy release process itself did not fully stop during this 
gap in the non-thermal electromagnetic emission, since the growth of SXR fluxes, 
as well as multiple peaks of its time derivative, were well observed during that 
time. The presence of ongoing flare activity during the gap was also confirmed by 
the TRACE observations of the growing arcade of magnetic loops. Most likely, 
the electron accelerator switched to the "soft" regime, producing mainly non- 
thermal electrons of relatively low energies (E < 50 keV), which could effectively 
heat the active region plasmas emitted in the SXR range, but could not produce 
HXR (hv > 100 keV) and microwave emissions. Alternatively the accelerator 
could even shut down during the gap, and the plasma was heated by some other 
mechanisms, but not by non-thermal electrons. 

Both from a theoretical point of view (see, e.g., lAsc hwandenl (|2002[) and 
IZharkova et aLI(|2011j) for a review) and from observations fe.a. JSui and HolmanH 
120031 IPick et ai[ 120051 ILiu et aL[ I2008P it is known that magnetic reconnec- 
tion in quasi-vertical current sheets, which arc expected to be formed during 
solar eruptions, can lead to acceleration of charged particles. Energy release 
and charged particle acceleration in real flares are essentially non-stationary. 
This is clearly confirmed by bursty light curves of flaring non-thermal elec- 
tromagnetic emissions. Non-stationarity of energy release and acceleration of 
charged particles in current sheets of eruptive events have, most probably, sev- 
eral physical reasons. Among them are (1) high inhomogeneity of the solar 
corona and, consequently, high inhomogeneity of current sheets formed during 
eruptions, (2) intrinsically dynamic features of current sheet evolution, also 
called as impulsive bursty (e.g., |Kliem, Karlicky, a nd Benz I2000p or fractal 



( |Shibata and Tanuma, 200Tj ) reconnection. It is more likely that the gap ob- 
served for the 26 October 2003 event was due to the first reason. It seems 
difficult to explain the long duration of the gap (about 40 min) via bursty 
reconnection, since this mechanism has a characteristic time scale ranging from 
fractions of a second to several seconds for typical coronal conditions. In particu- 
lar, [WarmutF^FaT] ([50021) have argued that during the "delayed" bursts (in our 
case before them) both the topology and strength of magnetic field in the source 
of energy release and electron acceleration could change significantly. However, 
it is not possible to say unambiguously which specific conditions in the flaring 
region became unfavorable for efficient electron acceleration during the gap in 
the event studied here. This issue requires further analysis. 



4. Conclusions 

A prominent example of a long-duration solar event (26 October 2003) with 
a pronounced delayed sequence of bursts of non-thermal hard X-ray (hv > 
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100 keV) and microwave emission is presented. These bursts were delayed about 
40 min with respect to the main impulsive flare phase, and were associated with 
no appreciable response in the soft X-ray range. This sequence of "delayed" 
bursts itself lasted for more than 40 min, culminating in the most intensive 
burst of the entire event, which we called the "burst-on-tail". We find that the 
"delayed" bursts were generated in the same flaring region as the impulsive 
bursts, but in magnetic loops a factor of 2-3 larger. 

Based on these observations, an interpretation of the phenomenon is proposed. 
It is shown that plasma of larger loops, which were involved in the process of 
energy release during the "burst-on-tail" , could be heated by a similar population 
of non-thermal electrons to a lower temperature. This could have resulted in 
lower values of the emission measure and, consequently, less soft X-ray emission 
compared with the plasma associated with the relatively small flare loops in 
the impulsive phase. The estimations made are in good agreement with the 
observations. 

However, the nature of the long (« 40 min) gap in non-thermal hard X-ray 
emission between the flare impulsive phase and the sequence of "delayed" bursts 
is not fully understood. Most likely, some physical conditions in the inhomoge- 
ncous flaring region became unfavorable for efficient electron acceleration to high 
energies (E > 100 keV) during that time. However, it is not possible to establish 
them unambiguously for the event studied. Further investigation of this issue is 
required. 
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